Background and objectives: Cinacalcet is effective in reducing serum parathyroid hormone (PTH) in patients with secondary hyperparathyroidism. However, it has not been proven whether parathyroid gland size predicts response to therapy and whether cinacalcet is capable of inducing a reduction in parathyroid volume.
S econdary hyperparathyroidism (SHPT) is a common complication of chronic kidney disease, characterized by parathyroid hyperplasia and persistently elevated levels of parathyroid hormone (PTH) (1, 2) . Parathyroid hyperplasia can be divided into two types with different morphologic features: diffuse and nodular hyperplasia (3) . Nodular hyperplasia is a more advanced type of hyperplasia and is associated with more marked proliferation and greater resistance to medical therapy (4) .
Until recently, calcitriol and other vitamin D analogs have been the cornerstone of secretory PTH suppression in patients with chronic kidney disease; however, these agents also enhance the intestinal absorption of calcium and phosphate and result in elevations in serum calcium and phosphate concentrations (5) . Moreover, the response to vitamin D sterols is substantially reduced once parathyroid hyperplasia has progressed to the advanced nodular form, presumably because of the reduced expression of calcium-sensing receptors (CaSR) and vitamin D receptors (VDR) (6 -10) . Several clinical studies suggest that parathyroid gland volume in excess of 500 mm 3 , as evaluated by ultrasonography, appears to be a useful indicator of responsiveness to vitamin D therapy (11) (12) (13) . This concept is supported by the observation that surgically removed parathyroid glands weighing Ͼ500 mg usually exhibit nodular formations (3) . Interestingly, vitamin D therapy may also induce regression of parathyroid hyperplasia (14) , but such an effect may be less likely in more advanced stages (15) . Cinacalcet hydrochloride, a calcimimetic agent that acts as an allosteric modulator of the CaSR, is a new option for the ther-apeutic control of SHPT. A large number of clinical trials have shown that treatment with cinacalcet effectively reduces PTH levels in patients with SHPT that is refractory to vitamin D therapy (16 -21) . More recent studies suggest that combined therapy with cinacalcet and low doses of vitamin D sterols could be an effective strategy to treat SHPT while adequately maintaining acceptable levels of calcium and phosphorus (22) (23) (24) . However, there is controversy as to whether cinacalcet is capable of controlling parathyroid hyperfunction in patients with marked parathyroid hyperplasia (25, 26) . In addition, although experimental studies suggest that regression of parathyroid hyperplasia could be induced by calcimimetics (27, 28) , this possibility has not been adequately explored in the clinical setting (26, 29) .
Therefore, the purpose of this study was twofold: (1) to elucidate whether parathyroid gland size could be used as an indicator of response to cinacalcet therapy and (2) to examine whether cinacalcet reduces parathyroid gland volume in patients with moderate to severe SHPT.
Materials and Methods

Study Population
Patients were considered for the study if they were 18 years of age or older and had required maintenance dialysis for at least 16 weeks. The main eligibility criteria were serum intact PTH Ͼ300 pg/ml, confirmed within a 30-day screening period, and serum calcium Ͼ9.0 mg/dl. Exclusion criteria included a history of parathyroidectomy or an unstable medical condition during the previous 30 days. The study was conducted in accordance with the principles of the Declaration of Helsinki, and all patients provided written informed consent. The study protocol was reviewed and approved by the institutional review board at each study site. This study is registered with the Cochrane Renal Group Registry, no. CRG020800134.
Study Design
This was a multicenter, open-label study conducted at eight centers in Japan between January 2008 and August 2009. The study period consisted of a 30-day screening period, a 12-week dose-titration phase, a 26-week maintenance phase, and a 14-week efficacy-assessment phase. Patients were divided into two groups according to the parathyroid gland volume at baseline: group S with all glands smaller than 500 mm 3 and group L with one or more enlarged glands larger than 500 mm 3 . All study subjects received cinacalcet hydrochloride (Regpara;
Kyowa Hakko Kirin, Co., Ltd., Tokyo, Japan) in an attempt to achieve target ranges specified in the Japanese Society for Dialysis Therapy (JSDT) guideline (calcium, 8.4 to 10.0 mg/dl; phosphorus, 3.5 to 6.0 mg/dl; intact PTH, 60 to 180 pg/ml) (30) . The initial dose of cinacalcet was 25 mg, given orally, once daily. The doses were increased to the next sequential daily dose in the series 25, 50, 75, and 100 mg after at least a 3-week interval if their intact PTH level was Ͼ180 pg/ml at the previous study visit, unless serum calcium was Ͻ8.4 mg/dl. If a patient's intact PTH level dropped below 60 pg/ml or serum calcium dropped below 7.5 mg/dl, the dose was reduced to the next lowest dose level. The dose of vitamin D sterols were increased only if the serum calcium remained below 8.4 mg/dl or if hypocalcemic symptoms persisted despite an increase in the dose of calcium carbonate to 3000 mg daily. Reductions in the doses of vitamin D sterols were permitted in cases in which the serum calcium was Ͼ10.0 mg/dl. No restrictions were imposed on the dose or type of phosphate binders used.
Biochemical Determinations
Blood samples were collected at the start of the dialysis session following the longest interdialytic period. Serum levels of intact PTH, calcium, and phosphorus were measured at local laboratories. Serum intact PTH levels were determined using an electrochemiluminescence immunoassay (Elecsys PTH; Roche Diagnostics, Mannheim, Germany). Serum calcium levels were corrected for albumin concentration using the modified Payne method (31) .
Parathyroid Gland Imaging
High-resolution ultrasonography was performed by experienced technicians in each center at baseline, week 26, and week 52, according to a standardized protocol using a 7.5 or 10 MHz linear array transducer. Parathyroid gland volume was estimated using the ellipsoid formula (/6 ϫ a ϫ b ϫ c, where a, b, and c represent the diameters of the gland in three dimensions).
Study End Points
The primary study end point was the proportion of patients with a mean intact PTH level Ͻ180 pg/ml during the efficacy-assessment phase. Secondary end points included the proportion of patients with a Ͼ30% reduction from baseline in intact PTH levels, the percent change from baseline in intact PTH, calcium, and phosphorus concentrations, and the change from baseline in parathyroid gland volume, as evaluated by ultrasonography. Safety was evaluated by reports of adverse events.
Historical Controls
The results of this prospective trial were also compared with those of historical controls who had been treated with traditional therapy alone. Patients who met the same eligibility criteria as trial participants and had undergone ultrasonography twice at an interval of 1 year between 2000 and 2008 were recruited as historical controls through a retrospective chart review.
Statistical Analysis
All values are expressed as mean Ϯ SD or mean Ϯ SEM, as indicated. Baseline laboratory and parathyroid gland size measurements were obtained and patient characteristics were recorded during the screening period. A comparison of baseline data between groups was performed with 2 tests and one-way ANOVA followed by the Bonferroni post hoc test. Mean values for intact PTH, calcium, and phosphorus during the efficacy-assessment phase were used to evaluate efficacy. Patients who withdrew from the study during the dose-titration phase were considered to not have met either the primary or the secondary end points. For patients who did not have any values measured during the efficacy-assessment phase, the last-observation-carried-forward method was used. Comparisons of proportions between groups were performed with the Fisher exact test. For comparison of paired proportions, the McNemar test was used. Logistic regression analysis was used to examine whether the presence of at least one enlarged gland was a predictor of response to cinacalcet therapy. Differences in parathyroid gland volume at baseline and at week 26 and week 52 were analyzed on the basis of the as-treated analysis, using repeated measures ANOVA followed by the Bonferroni post hoc test. Absolute changes in parathyroid gland volume from baseline to week 52 in cinacalcet trial participants were compared with those in historical controls using t test. The likelihood of achieving a Ͼ30% reduction from baseline in total parathyroid volume was compared between the cinacalcet group and historical controls using logistic regression analyses, stratified by age, sex, duration of dialysis, baseline biochemical vari-ables, the presence of enlarged glands, or the use of intravenous vitamin D. Pearson correlation coefficient analyses were used to examine the relationships between each parameter. A 10-g dose of maxacalcitol was considered to be equal to 1.5 g of calcitriol, and all results for injectable vitamin D sterol dosages are presented as calcitriol equivalents. P Ͻ 0.05 was considered statistically significant. All analyses were performed using Dr. SPSS II for Windows, version 11.01 J (SPSS Japan, Tokyo, Japan).
Results
Study Population
A total of 81 patients were enrolled in the prospective trial: 56 had parathyroid glands smaller than 500 mm 3 (group S) and 25 had at least one enlarged gland larger than 500 mm 3 (group L). For the historical control group, 87 patients were identified from a chart review: 65 had small glands only (group HS) and 22 had one or more enlarged glands (group HL). Demographic characteristics and baseline laboratory values according to parathyroid gland size are presented in Table 1 . The baseline demographics and renal history did not differ significantly between groups. Nearly all patients were receiving vitamin D sterols and phosphate binders, with little difference between groups in the types of agents used. At baseline, patients in group L and group HL had significantly higher calcium and intact PTH levels compared with those in group S and group HS, respectively. The proportion of patients achieving the target calcium level was not significantly greater in group S than in group L (75 versus 56%; P ϭ 0.08), whereas that of phosphorus did not differ between the two groups (54 versus 52%; P ϭ 0.54).
Ninety-six percent of patients in group S and 92% of those in group L completed the 12-week dose-titration phase; 91 and 80%, respectively, completed the 26-week maintenance phase; and 88 and 76%, respectively, completed the 14-week efficacyassessment phase. Reasons for early discontinuation for patients in group S versus those in group L included the following: adverse events (4 versus 12%), administrative decisions (4 versus 8%), death (4 versus 0%), and loss to follow-up (2 versus 4%). None of the deaths were considered related to treatment. 
Achievement of Intact PTH Targets
Mean intact PTH levels declined progressively both in group S and in group L during the first 8 weeks and reached a plateau by the end of the study ( Figure 1A ). During the efficacy-assessment phase, 46% of patients in group S and 32% of those in group L reached the primary end point of a mean intact PTH level Ͻ180 pg/ml; this difference was not statistically significant (P ϭ 0.17; Figure 2A ). The percent change in intact PTH levels was comparable between the two groups throughout the study ( Figure 1B) . During the efficacy-assessment phase, mean intact PTH decreased by 55% from baseline in group S and by 58% in group L ( Figure 2B) . The proportions of patients whose intact PTH levels decreased by Ͼ30% did not differ between the two groups (88 versus 76%; P ϭ 0.16; Figure 2A ). Logisticregression analysis showed that the presence of one or more enlarged glands at baseline did not predict either the likelihood of achieving the primary end point (odds ratio, 0.54; 95% confidence interval, 0.20 to 1.46) or the secondary end point of a reduction in mean intact PTH level by Ͼ30% (odds ratio, 0.45; 95% confidence interval, 0.13 to 1.52).
Other Biochemical Parameters
After cinacalcet initiation, mean calcium levels in both groups transiently declined and remained stable throughout the study, with slightly higher levels in group L than in group S ( Figure 1C ). Serum phosphorus levels decreased slightly during the first 8 weeks and gradually increased thereafter in both groups ( Figure 1D ). The percent changes in serum calcium and phosphorus levels from baseline during the efficacy-assessment phase were comparable between group S and group L ( Figure  2B ). The proportion of patients achieving the target calcium and phosphorus levels remained unchanged from baseline in both groups: 84% of patients in group S achieved the calcium target, compared with 56% in patients in group L (group S versus group L; P ϭ 0.009), and 59% of patients in group S achieved the phosphorus target, compared with 60% in patients in group L (group S versus group L, P ϭ 0.56). The proportion of subjects who achieved simultaneous control of PTH, calcium, and phosphorus was significantly higher in group S than in group L (23 versus 4%; P ϭ 0.029).
Effect of Cinacalcet on Parathyroid Gland Volume
A total of 213 parathyroid glands were detected by ultrasonography at baseline. Among these, 179 glands in 65 patients were followed at 26-week intervals until the end of the study. Nine glands disappeared during the study. Overall, treatment with cinacalcet was associated with significant reductions in the total volume of each patient's glands: mean Ϯ SD at baseline, week 26, and week 52 were 649 Ϯ 490 mm 3 , 552 Ϯ 468 mm 3 , and 527 Ϯ 462 mm 3 , respectively (P ϭ 0.003). The percent change from baseline at week 52 in total gland volume was significantly correlated with reduced intact PTH levels (r ϭ 0.30, P ϭ 0.02). There was also a significant correlation between the absolute change in total gland volume and the absolute change in intact PTH levels (r ϭ 0.37, P ϭ 0.002).
The volume of each parathyroid gland also decreased significantly during the study: mean Ϯ SD at baseline, week 26, and week 52 were 236 Ϯ 272 mm 3 , 200 Ϯ 266 mm 3 , and 191 Ϯ 252 mm 3 , respectively (P Ͻ 0.001). With stratification by baseline gland volume, significant volume reductions were observed both in glands with baseline volume Ͼ500 mm 3 (780 Ϯ 357 mm 3 , 627 Ϯ 468 mm 3 , and 571 Ϯ 453 mm 3 at baseline, week 26, and week 52, respectively; P ϭ 0.01) and in glands with baseline volume Ͻ500 mm 3 (152 Ϯ 116 mm 3 , 134 Ϯ 128 mm 3 , and 132 Ϯ 129 mm 3 at baseline, week 26, and week 52, respectively; P ϭ 0.02; Figure 3 ). At baseline, there was a significant correlation between total gland volume and intact PTH levels (r ϭ 0.23, P ϭ 0.04), but this correlation disappeared at the end of the study. Exclusion of the disappeared glands during the study did not change these results.
Medication Use
At the end of the study, 96% of subjects in group S and 89% of those in group L received daily doses of either 25 or 50 mg of cinacalcet. The mean Ϯ SD dose of cinacalcet in group L was slightly, but not significantly, higher than that in group S (36.7 Ϯ 14.5 mg/d versus 42.8 Ϯ 20.9 mg/d; P ϭ 0.19; Table 2 ). At baseline, the mean Ϯ SD dose of intravenous vitamin D sterols, expressed as calcitriol equivalents, was significantly higher in group L compared with that in group S (2.18 Ϯ 1.07 g/d versus 3.06 Ϯ 1.65 g/d; P Ͻ 0.01), and the use and dose of vitamin D sterols remained relatively unchanged in both groups throughout the study. The use of calcium carbonate in group S increased gradually throughout the study, whereas such changes were transient among patients in group L. The dose of calcium carbonate remained constant in both groups. The proportion of patients receiving sevelamer hydrochloride remained constant in both groups during the study, with a slight decrease in the mean daily dose.
Safety
A total of 39% of patients in group S and 52% of those in group L experienced at least one adverse event ( Table 3 ). The most common adverse events were stomach discomfort, nausea, and vomiting, all of which tended to occur more frequently in group L than in group S. Gastrointestinal events were typically of mild to moderate severity, but 5% of patients discontinued cinacalcet use because of these adverse effects. Hypocalcemia (serum calcium Ͻ7.5 mg/dl) occurred exclusively in patients belonging to group S (7%), and one patient was withdrawn from the study. There were three deaths during the study, but none were attributed to cinacalcet treatment.
Comparison with Historical Controls
Mean intact PTH, calcium, and phosphorus levels in historical controls remained relatively unchanged during the retrospective period, both in group HS and in group HL (Figure 1) . At the end of follow-up, only 8% of patients in group HS achieved an intact PTH Ͻ180 pg/ml whereas no patients achieved this in group HL.
The mean Ϯ SD volume of each parathyroid gland in historical controls increased significantly in glands with baseline volume Ͻ500 mm 3 (133 Ϯ 135 mm 3 and 183 Ϯ 229 mm 3 at baseline and week 52, respectively; P Ͻ 0.001) and not significantly in glands with baseline volume Ͼ500 mm 3 (655 Ϯ 172 mm 3 and 695 Ϯ 275 mm 3 at baseline and week 52, respectively; P ϭ 0.31) during the 52-week observation period. These changes were in sharp contrast to those of cinacalcet trial participants in whom parathyroid gland volume progressively decreased regardless of pretreatment parathyroid size (group S versus group HS, P Ͻ 0.001; group L versus group HL, P ϭ 0.003; Figure 4 ). The likelihood of achieving a Ͼ30% reduction in total gland volume was greater among cinacalcet-treated patients than historical controls (odds ratio, 5.05; 95% confidence interval, 2.07 to 12.31) and was consistent across subgroups stratified by age, sex, duration of dialysis, baseline biochemical variables, the presence of enlarged glands, or the use of intravenous vitamin D ( Figure 5 ).
Discussion
In this multicenter, open-label study, treatment with cinacalcet effectively reduced serum PTH levels in hemodialysis patients with moderate to severe SHPT, even in those who had markedly enlarged parathyroid glands. This treatment resulted in a rapid decline in serum PTH levels by Ͼ50% in both groups with or without enlarged glands, and this response was sustained over 52 weeks. The proportion of patients who achieved intact PTH Ͻ180 pg/ml was slightly greater in group S compared with group L, but this was not statistically significant. We also observed a significant reduction in parathyroid gland volume during treatment with cinacalcet regardless of pretreatment size. Analysis of additional historical controls showed that in patients with SHPT the volume of parathyroid gland progressively increased with traditional therapy alone, which further highlights the effect of cinacalcet to induce a reduction in parathyroid gland volume.
It is well known that, in patients with SHPT, the presence of parathyroid enlargement is a major determinant of response to treatment with vitamin D sterols (11) (12) (13) . This finding is attributed to the observation that most of the enlarged glands removed from severe SHPT patients exhibit a nodular pattern of hyperplasia and decreased VDR expression (6, 9, 10) , which could render the parathyroid glands less responsive to the biologic actions of vitamin D. In contrast, the present study showed that treatment with cinacalcet, an allosteric activator of the CaSR, is effective in suppressing PTH secretion even in patients with enlarged glands, in which the expression of CaSR is likely to be markedly decreased (7) (8) (9) . This is not, however, surprising because experimental studies have shown that CaSR signaling to suppress PTH secretion is largely preserved in vitro, even in the setting of reduced CaSR expression (32) . Cinacalcet therapy has also been shown to upregulate the expressions of VDR (33) and CaSR (34) , which may facilitate the inhibitory effects of vitamin D sterols and cinacalcet on PTH secretion in these patients.
In this study, we also observed a significant reduction in parathyroid gland volume concomitantly with PTH suppression during treatment with cinacalcet. Such a reduction in parathyroid gland volume has also been reported by Meola et al. (26) . However, contrary to their results, the current study demonstrated that a reduction in parathyroid gland volume by cinacalcet could occur even in enlarged glands with a baseline volume larger than 500 mm 3 , further supporting the effective- ness of cinacalcet in advanced parathyroid hyperplasia. There are two possible mechanisms for the reduction in parathyroid gland volume during therapy with cinacalcet. One possibility is a reduction in cell volume in response to decreased demand for PTH synthesis. Support for this hypothesis was provided by an experimental study by Chin et al., which showed that, in uremic rats treated with calcimimetics, the reduction in parathyroid volume was attributable solely to a decrease in volume of the parathyroid cells (27) . Although cell hypertrophy is considered to play only a minor role compared with cell proliferation in the pathogenesis of parathyroid enlargement (1), the observed degree of reduction in parathyroid size in the current study could be sufficiently explained by a reduction in cell hypertrophy. The other possibility is a reduction in cell number as a result of increased apoptosis. The effects of cinacalcet on parathyroid cell apoptosis, however, appear to be inconsistent depending on the experimental model. Mizobuchi et al. showed that high concentrations of calcimimetics induce apoptosis in parathyroid cells from uremic rats in vitro (34) , whereas several investigators were not able to detect apoptotic parathyroid cells in vivo in calcimimetic-treated uremic rats (35, 36) . In clinical settings, the use of cinacalcet for treating SHPT has been linked with increased oxyphil/chief cell ratios (37) and cystic degeneration (26) . The question of whether these morphologic changes were caused by the apoptosis of parathyroid cells is intriguing and worthy of further investigation.
The results of the current trial highlight the effectiveness of cinacalcet in patients with advanced parathyroid hyperplasia. This supports the notion that cinacalcet therapy can be an alternative to parathyroidectomy for these patients. However, it should be noted that, in our study, the proportion of subjects who achieved simultaneous control of PTH, calcium, and phosphorus were significantly lower in patients with enlarged glands compared with those without. Adverse gastrointestinal events also occurred more frequently in patients with enlarged glands. Given that some patients develop resistance to cinacalcet therapy and need to be referred for surgery (37, 38) , the observed difficulty in managing mineral metabolism and the limited use of cinacalcet because of safety concerns might imply future resistance to cinacalcet in these patients. Studies of much longer duration will be required to examine this possibility.
The strength of this study lies in its prospective design, long follow-up period, uniform data acquisition, and standardized ultrasonography protocol. Furthermore, it should be acknowledged that our study protocol permitted alteration of vitamin D dosage only on the grounds of patient safety, resulting in a relatively constant dosage of vitamin D sterols during the study period. This enabled us to isolate the effects of cinacalcet on parathyroid hyperplasia from those of vitamin D sterols. Our results, therefore, support the hypothesis that cinacalcet directly induces a reduction in parathyroid gland volume, although this effect might be partly mediated by cinacalcet-induced upregulation of parathyroid VDR (33) .
There are, however, several limitations that should be considered. First, historical controls were used to evaluate the effect of cinacalcet on parathyroid gland volume. This could result in biases in patient selection and data collection, and thus it can be argued that certain baseline differences may have favored the cinacalcet-treated group. Second, the sample size was small, and the distribution of subjects between groups was unbalanced. These limitations may have resulted in low statistical power to detect differences between groups. Third, the study protocol was designed according to the JSDT guideline for the management of SHPT (30) ; thus, the cinacalcet dosage was increased to achieve intact PTH levels Ͻ180 pg/ml, a relatively lower value compared with that of previous studies (18 -20) and the target range of the KDIGO guideline (39) . Such aggressive suppression of PTH secretion might have facilitated the effect of cinacalcet on parathyroid gland volume in our study, but further studies are needed to examine whether treatment to achieve this level of PTH results in improved outcome. Finally, the evaluation of parathyroid gland volume was performed solely by neck ultrasonography. Interoperator coefficients of variation were not studied and are therefore unavailable. According to the reported sensitivity of ultrasonography in SHPT (40) , a certain number of parathyroid glands, particularly small ones, might be missed by ultrasound study. It is also possible that a few patients with an ectopic, enlarged parathyroid gland were misclassified into group S or group HS.
Conclusions
Cinacalcet is effective in lowering serum PTH levels and concomitantly inducing a reduction in parathyroid gland volume in moderate to severe SHPT, even in patients with enlarged parathyroid glands. Whether the reduction in parathyroid gland volume induced by cinacalcet results in the longterm controllability of SHPT and an improvement in clinical outcomes warrants further investigation.
